Cosmic ray electrons, positrons and protons have been measured by the Alpha Magnetic Spectrometer with unprecedented precision. For energies above 30 GeV, the positron spectral index is found to be the same within a few percent of that for protons. The possibility that the positrons can be understood as being produced entirely as a result of interactions of cosmic rays with the interstellar medium is considered and found to be a compelling interpretation of the so-called positron excess.
, AMS-01 proton flux below 180 GeV [10] , and AMS-2 proton flux above 180 GeV [11] .
their decay products, a cosmic ray secondary positron will typically have only a few percent of the parent proton energy. Detailed calculations [13] have shown that for positron energies from 100 MeV-30 TeV, secondary positrons produced from protons having a power law spectrum will also have a power law spectrum with nearly the same index. If α p = 2.70, α e + would be 2.69. It is unlikely that exotic positron production mechanisms, such as dark matter annihilation, would have spectra so remarkably similar to the proton spectrum. It seems sensible to consider the implications and consistency of a scenario in which protons are solely responsible for cosmic ray positrons. This possibility has been considered by others. Blum et al. [14] showed the AMS-02 positron fraction was consistent with a secondary origin, provided confinement time τ ≥ 30 Myr at 10 GeV, and τ ≤ 1 Myr at 300 GeV. They also found that the mean atomic number density n ≥ 1 cm −3 at 300 GeV. Cowsik et al. [15] used the Nested Leaky Box model to show that the secondary production of positrons was possible if cosmic rays have τ ∼ 2 Myr, independent of energy, and n = 0.5 cm −3 . We will reach conclusions very similar to those that were obtained in [15] by using a variety of astrophysical observations to constrain cosmic ray propagation parameters, without reliance on any particular propagation model. The assumption of a secondary source for positrons imposes a number of constraints on cosmic ray propagation:
1. The positron production cross sections calculated in [16] imply that (3, 10, and 40) GeV positrons would be produced predominantly by roughly (20, 180 , and 1000) GeV protons respectively.
2. The secondary positron flux is given by [15] F = (n p cτ + /4π)qE −α , where qE −α is the source spectrum (positrons energy
, n p is the ISM number density sampled by the parent protons, and τ + is the galactic confinement time for positrons. Figure 1 shows that n p τ + is constant for positron energies from 30-400 GeV, and for protons from about 1-10 TeV. Since it is unlikely that n p or τ + increases with energy, each must be constant. It follows that the confinement time τ for all particles is constant for rigidity R from 30-400 GV, and that the mean number density n is constant for all particles with R from 1-10 TV.
3.
A fit of the positron source spectrum of Figure 4 in [5] to the AMS positron flux yields X = m H n p cτ + = 2.5 g cm −2 .
4. The time scale for positron radiation loss in the Galaxy has been estimated to be about 600 Myr/E(GeV) [15] . For purely secondary positrons, the absence of a break in the positron spectrum implies τ < several Myr for particles with rigidity of a few hundred GeV.
It is likely that τ is not much less than 1 Myr. For example, it has been argued [15] that for energies up to at least several hundred TeV, τ = 2 Myr is required to account for the isotropy of cosmic rays. At higher energies, detailed calculations of the propagation of individual cosmic rays near the cosmic ray knee have been done [17] . Galactic magnetic field models were used, accounting for both regular and turbulent components. It was found that the average time spent in the source region for a particle with R = 40,000 TV was 0.5 Myr. The cosmic ray escape time from the magnetized region of the Galaxy (−10 kpc < z < 10 kpc and r < 20 kpc) was five times larger (2.5 Myr) than the time spent in the source region. At low energies, measurements of the abundance of the beta decay isotope Myr) can be used to constrain τ . CRIS [18] has found 13 Myr < τ < 16 Myr for R < 2.2 GV in the ISM. Within a leaky box model, we have used ISOMAX data [19] to calculate 7 Myr < τ < 60 Myr for R < 5.0 GV. SMILI [20] found τ < 6 Myr (97% confidence) up to 8.1 GV.
Data from AMS-01 [21] on Be/B and Li/B are shown in Figure 2 . It is likely that the increase of Be/B from 0.5-3 GeV/n (2.2-7.6 GV) is due to the transition from nearly full decay of 10 Be to no decay. Taken together, lifetime measurements and calculations show there is probably a reduction of τ from 15 Myr to a few Myr as rigidity increases from about 1 GV to about 30 GV, and that it remains constant up to at least 10,000 TV. This has the important consequence of enabling us to associate the 2.5 g cm −2 of item 3 (above), with the mean path length for protons from about 1-10 TV.
The issue of pathlength is complementary to that of confinement time. The ratio B/C can be used to measure pathlength at low energies. AMS-02 data on B/C, which are much more precise than prior data, have been used recently [14] to show that pathlength scales with rigidity as a power law with index 0.4. AMS data plotted as a function of pathlength (as determined in [14] ) are shown in Figure 3 (diamond symbols). The highest rigidity AMS data point has B/C = 0.08 at 0.85 TV. TRACER [22] has data on B/C that extend to very high rigidity. At 4 TV, they find B/C to be 0.12 in an error range 0.03 to 0.27, which supports the indication by AMS that the B/C ratio levels off above 1 TV. Information on pathlength at very high energy can be obtained by computational techniques [23] similar to those used for τ . These results are shown in Figure 3 (square symbols). The calculations assumed the regular and turbulent magnetic fields that were proposed in [24, 25] , based on the WMAP7 Galactic synchrotron emission map and more than 40,000 extragalactic rotation measures. We show X = 2.5 g cm Mean pathlength determined from AMS-02 B/C measurements [14] (diamond symbols -symbol size is comparable to errors for the highest rigidity points), the AMS positron data discussed here (dashed line), and calculations of trajectories in the galactic field [23] (solid squares).
ergies are seen to be consistent with what one would expect from the B/C data. They are also consistent at low energy. For energies from 10-30 GeV, the parent proton energies vary from 180-750 GeV. For this energy range n p varies as E −0.3 . Thus, the positron flux from 10-30 GeV should vary as τ + E −3.1 . Indeed, the observed positron spectral index from 10-30 GeV is 3.0, and would be 3.1 or 3.2 for solar minimum conditions. This agrees well with the B/C predictions as long as the confinement time is not changing much over this range.
Since α is related to leakage from the galaxy, we can find the proton source spectral index from the positron results. Consider a simple cosmic ray model where a source injects protons into the Galaxy of volume V s at a rate per volume per time per energy of K/E β . The proton flux will be (cτ KV s )/(4πVE β ), where V is the volume occupied by protons. Assuming the sources to be in the disk, we can set V s /V = n/n disk , where n disk is the atomic number density in the disk. The ratio of positron flux to proton flux at energy E is e + /p = (qn disk /K)(n p /n)E (β−2.78) . This ratio and n p are constant from 30-450 GeV. The B/C data imply n depends on energy as E −0.4 over this range, so that the proton source spectral index in the 100 GeV energy region is β = 2.8 -0.4 = 2.4. The onset of an energy independent pathlength beyond 1 TV should be associated with a change in the proton spectral index above that rigidity. Indeed, data from CREAM [26] show α p = 2.66 ± 0.02 from 2.5-250 TV, which is an abrupt shift from α p = 2.78 up to 2 TV obtained by AMS-02. Fermi-LAT [27] used gamma ray emission from the Earth's limb to study the primary proton spectrum. The gamma ray energy range was 2-600 GeV, with a corresponding sensitivity to proton spectral effects in the range 20 GV-6 TV. They inferred α p = 2.81 ± 0.10 before a break at 276 GV, and 2.60 ± 0.08 after the break. In the TeV range, air Cerenkov telescopes have found six gamma ray sources favoring a hadronic production mechanism and having average α = 2.64 [28] . Such shifts in α should be accompanied by a change in α e + above 100 GV or so. The AMS-02 data are in fact consistent with α e + = 2.60 above 150 GV at the one standard deviation level (see Figure 3 of [9] ).
The change of α p and the apparent reduction in the degree of pathlength dependence on rigidity from 1 TV to nearly 1000 TV beg the question of the astrophysical conditions that bring these about. If the scale of magnetic turbulence follows the Kolmogorov power spectrum, as is generally assumed, there should be a continuous rigidity dependence of propagation parameters from the smallest to the largest rigidities. However, as discussed in [29] "Among the many differences between interstellar turbulence and classical incompressible turbulence is the broad spatial scale for energy input in space. In spite of the wide-ranging spatial correlations in emission and absorption maps, there is no analogy with classical turbulence in which energy is injected on the largest scale and then cascades in a self-similar fashion to the very small scale of dissipation." It is useful to consider some observations of turbulence scales in the Galaxy. The power spectrum of interstellar electron density has been found from interstellar scintillation measurements to be consistent with a Kolmogorov spectrum for inverse wave-numbers from 10 −11 -2 × 10 −4 pc [30] . The injection scale for turbulence in the heliosphere has been noted [31] to be several hundred AU (10 −3 pc). Measurements of Faraday rotation and depolarization of extragalactic radio point sources [32] were used to show that stellar phenomena dominate the generation of turbulence in spiral arms on 1 pc scales, while supernovae generate turbulence in the interarm regions on 100 pc scales. The Canadian Galactic Plane Survey [33] used 1.4 GHz polarization data to measure the power spectrum on scales greater than 1 pc. They found a broad range of spectral indices that varied with viewing direction, and were typically larger at large galactic latitude. It was found that the range in indices was inconsistent with density fluctuations driven by a single Kolmogorov turbulent power spectrum.
Three spatial scales stand out. There is a continuum of turbulent scales below 10 −3 pc, and there is large energy injection at turbulent scales of 1 pc and 100 pc. If we assume an average magnetic field of 5 µG, one can calculate the rigidities required to have gyroradii at these three scales: 5 TV at 10 −3 pc, 5000 TV at 1 pc, and 0.5 EeV at 100 pc. The first of these is close to the rigidity where the spectral shift described above occurs. The second is very near to the onset of the knee of the all-particle cosmic ray spectrum [34] , which happens at 3000 TeV total energy (for the all-particle spectrum we use total energy and not R since the charge is unknown). The third is just below the energy corresponding to the ankle of the all particle spectrum. A simple interpretation becomes obvious: cosmic rays below a few TV diffuse out of the Galaxy, with an energy dependent pathlength based on Kolmogorov type energy cascades to low scales. Cosmic rays above a few thousand TeV, diffuse out of the Galaxy with an energy dependent pathlength based on energy injection and cascades at scales of 1-100 pc. The pathlength is independent of rigidity from a few to a few thousand TV, indicating inefficiency of the cascade to small scales from injection at scales above 1 pc. Above 1 EeV, cosmic rays readily escape the Galaxy with an energy independent pathlength, until reaching the GZK cutoff at about 50 EeV, since their gyroradii exceed the turbulent scale size.
It is intriguing to note that α p = 2.6 (see [34] ) in each of the two energy independent pathlength regimes. This suggests that 2.6 may in fact be the spectral index of the cosmic ray source above 10 TV. This, and the index of 2.4 inferred above for R < 1 TV are considerably larger than 2.0, the value that results from diffusive shock acceleration models. Other evidence suggests that α p may be larger than 2. In particular, Fermi LAT recently observed hadronic acceleration by supernova remnants IC 443 and W44 [35] via measurements of gamma emission from neutral pion decays. They derived parent proton spectra for the two sources and found the spectra were best fit by power laws with index α 1 at low energy, and α 2 at energies above a spectral break p br . The parameters were α 1 = 2.36 ± 0.02, α 2 = 3.1 ± 0.1, and p br = 239 ± 74 GeV c −1 for IC 443, and α 1 = 2.36 ± 0.05, α 2 = 3.5 ± 0.3, and p br = 22 GeV c −1 for W44. The large indices above the breaks suggest energy dependent leakage, while the indices below the break probably represent the source spectra. An evolution of α from 2.4 to 2.6 might be possible due to the many complicated processes involving acceleration, energy loss, and escape from the source region. The observations of soft gamma ray spectra in the 1-10 TeV range by air Cerenkov telescopes have generated a great deal of theoretical activity in this area (see [36] and references therein). Magnetic field amplification has been considered as a mechanism that influences source spectra [37] . It was found that a range of indices is possible, including one as large as 2.7 for a shock velocity of 3000 km/s with an acceleration efficiency of 20%.
Let us consider the possibility that all cosmic rays above 1 TV, including those above the ankle, are made by supernova remnants (SNRs) in galaxies such as our own with source spectra of 2.6. We estimate production rates in our galaxy by using air Cerenkov data for SNRs that are associated with molecular clouds (MCs). MCs are large, dense regions that serve as targets for source protons, thereby enhancing gamma ray production. They may not be representative of typical cosmic ray production sites. However it is possible that they are large enough, with sufficient turbulence, and sufficiently large magnetic fields to confine cosmic rays longer than the SNR lifetime. In this case, the inferred proton production characteristics could provide reliable estimates of the typical SNR production rate and α. We have used data from HESS, MAGIC and VERITAS (see references in [28] ) to calculate the average gamma ray emission rate per SNR. Using the emissivity function in [38] we found that the observed proton flux in the vicinity of the Solar System would be matched by SNR production if N = 700XV/τ , where N is the number of active SNRs in the Galaxy, X is the pathlength in the MC in g/cm 2 , V is the confinement volume of the Galaxy in 1000 kpc 3 , and τ is the galactic confinement time in Myr. For XV/τ ∼1, this gives a reasonable value for N, since SNRs live for about 0.1 Myr and are produced at a rate of about 1 per 100 years.
Finally, let us consider the highest energy cosmic rays. Assuming the cosmic rays to be made in the Galaxy, one would expect the flux to be roughly proportional to τ . We have seen that at 10 TeV τ ≈ 2.5 Myr. For 5-50 EeV protons, with gyroradii of about 1-10 kpc, τ ≈ 10 4 yr. Based on the all particle flux measurement at 10 TeV, one would expect the flux at 5-50 EeV to be 40 GeV 1.6 m −2 sr −1 s −1 E −2.6 , lower than the actual value by about a factor of 4. This indicates the presence of an extragalactic component made by galaxies similar to ours. If we assume 10 −5 for the volume fraction of galaxies, that galaxies have been emitting cosmic rays for 10 Gyr, and that τ for a 10 EeV cosmic ray is 10 4 yr, the extragalactic/galactic cosmic ray ratio would be about 10. This is consistent with the number of events observed above the GZK cutoff (see [34] ).
In conclusion, we have found that a secondary source for cosmic ray positrons is possible if X ≈ 2.5 g/cm 2 is independent of rigidity from 1-10 TV, and if τ ≈ a few Myr is independent of rigidity from 10 GV-10 TV. These requirements cannot be rejected by available data, and they have several interesting if speculative corollaries. Testing this scenario requires precise measurements of 10 Be, B, C, positron and proton abundance at higher energies than are currently available.
